.1 



ARTICLE COMPRISING GATED FIELD EMISSION STRUCTURES WITH 
CENTRALIZED NANOWIRES AND METHOD FOR MAKING THE SAME 

Inventor: Sungho Jin, 13634 Old El Camino Real, San Diego, CA 92130 

CROSS REFERENCE TO RELATED APPLICATIONS 

This application claims the benefit of the following United States provisional 
patent applications and is a continuation-in part of the following United States Utility 
Patent Applications: 

1. U.S. Provisional Application Serial No. 60/405,561 filed by S. Jin on August 

23, 2002 and entitled "MEMs Based Two-Dimensional E-Beam Nanolithography Device 
and Method For Making the Same"; 

2. U.S. Provisional Application Serial No. 60/441,437 filed by S. Jin on January 
21, 2003 and entitled "Article Comprising A Gated Field Emission Structure With 
Centralized Nanowires and Method for Making the Same"; 

3. U.S. Utility Patent Application Serial No. 10/350,614 filed by S. Jin on January 

24, 2003 and entitled "Article Comprising MEMs-Based Two Dimensional E-Beam 
Sources and Method for Making the Same"; 

4. U.S. Utility Patent Application Serial No. 10/350,642 filed by S. Jin on January 
24, 2003 and entitled "MEMs-Based Two Dimensional E-Beam Nano Lithography 
Device and Method for Making the Same"; 

5. U.S. Utility Patent Application Serial No. 10/357,004 filed by S. Jin on 
February 3, 2003 and entitled "Method for Fabricating Spaced-Apart Nanostructures"; 
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6. U.S. Utility Patent Application Serial No. 10/357,159 filed by S. Jin on 
February 3, 2003 and entitled "Articles Comprising Spaced-Apart Nanostructures and 
Methods for Making the Same." 

Each of the above identified provisional and utility patent applications are 
incorporated herein by reference. 

FIELD OF THE INVENTION 

This invention relates to electron field emission devices, and in particular, to 
gated field emission devices containing nanowire emitters. 

BACKGROUND OF THE INVENTION 

Field emitting devices are useful in a wide variety of applications, such as flat 
panel displays, microwave power amplifiers, and nano-fabrication tools. See US Patent 
No. 6,283,812 to Jin, et al. issued on September 4, 2001 and entitled "Process for 
fabricating article comprising aligned truncated carbon nanotubes". Also see US Patent 
No. 6,297,592 to Goren, et al., issued on October 2, 2001 and entitled "Microwave 
vacuum tube device employing grid-modulated cold cathode source having nanotube 
emitters". 

A typical field emitting device comprises a field emitting assembly composed of a 
cathode and one or more field emitter tips. The device also typically includes a grid 
closely spaced to the emitter tips and an anode spaced further from the cathode. 
Voltage induces emission of electrons from the tips, through the grid, toward the anode. 

Nanowires are potentially useful as electron emitters for field emission devices. 
Small diameter nanowires, such as carbon nanotubes with a diameter on the order of 1- 
100 nanometers, have received considerable attention in recent years. See Liu ef a/., 
Science, Vol. 280, p. 1253 (1998); Ren et a/., Science, Vol. 282, p. 1105 (1998); Li et 
a/., Science, Vol. 274, p. 1701 (1996); J. Tans et a/., Nature, Vol. 36, p. 474 (1997); 
Fan et a/., Science, Vol. 283, p. 512 (1999); Bower et a/s., Applied Physics Letters, Vol. 
77, p. 830 (2000), and Applied Physics Letters, Vol. 77, p. 2767 (2000). The term 
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"nanowire" is used generically herein to include both solid nanowires and hollow 
nanowires (nanotubes). 

Carbon nanotubes exhibit unique atomic arrangements, nano-scale structures, 
and unusual physical properties such as one-dimensional electrical behavior, quantum 
conductance, and ballistic transport characteristics. Carbon nanotubes are among the 
smallest dimensioned nanowire materials with generally high aspect ratio and small 
diameter, e.g., single-wall nanotubes may be made with diameters of ~ 1 nm and multi- 
wall nanotubes with diameters of less than -50 nm. 

High-quality single-wall carbon nanotubes are typically grown as randomly 
oriented, needle-like or spaghetti-like, tangled nanowires by laser ablation or arc 
techniques. Chemical vapor deposition (CVD) methods such as described above by 
Ren et a/., Fan et a/., Li et al., and Bower et al. produce multiwall nanowires attached to 
a substrate, often with a semi-aligned or aligned, parallel growth perpendicular to the 
substrate. As described in these articles, catalytic decomposition of hydrocarbon- 
containing precursors such as ethylene, methane, or benzene produces carbon 
nanotubes when the reaction parameters such as temperature, time, precursor 
concentration, flow rate, are optimized. Nucleation layers, such as thin coatings of Ni, 
Co, or Fe, are often intentionally added to the substrate surface to nucleate a multiplicity 
of isolated nanowires. Carbon nanotubes can also be nucleated and grown on a 
substrate without using such a metal nucleating layer, e.g., by using a hydrocarbon- 
containing precursor mixed with a chemical component such as ferrocene, (C 5 H 5 )2Fe 
which contains one or more catalytic metal atoms. During chemical vapor 
decomposition, the metal atoms serve to nucleate the nanotubes on the substrate 
surface. See Cheng et al., Chem. Physics Letters, Vol. 289, p. 602 (1998), and 
Andrews et a/., Chem. Physics Letters, Vol. 303, p. 467 (1999). 

Carbon nanotubes have been proposed for field emission devices such as flat 
panel field emission displays, microwave amplifiers and electron beam lithography 
devices. Conventional field emission cathode materials typically have been made of 
metal (such as Mo) or semiconductor material (such as Si) with sharp tips of submicron 
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size. However, the control voltage required for emission is relatively high (around 100 
V), because of high work functions and insufficiently sharp tips. To significantly 
enhance local fields and reduce the voltage requirement for emission, it would be 
advantageous to provide nanoscale cathodes with small diameters and sharp tips. 

In field emission devices, unaligned, randomly distributed nanowires are 
inefficient electron emitters due to the varying distance and hence varying local electric 
fields between the cathode (comprised of emitting nanowire tips) and the gate or anode. 
In addition, when unaligned nanowires are used for emitters, an applied electric field 
between anode and cathode bends the nanowires along the field direction. The degree 
of bending is dependent on the applied voltage. This bending causes uncontrollable 
and undesirable changes in the distance between cathode and gate, and hence alters 
the local field on different nanowires. In some cases, the bending causes outright 
electrical shorting between the nanowire tips and the gate. 

Referring to the drawings, Figs. 1(a) and 1(b) (which are conventional) 
schematically illustrate configurations of aligned nanotubes 10 grown on a substrate 11 
in a dense "forest-like" configuration (Fig. 1(a)) or in spaced-apart "forests" (Fig. 1(b)). 
A forest configuration, however, wastes the unique high-aspect-ratio, field-concentrating 
characteristics of individual nanowires. 

Moreover, while the alignment of nanowires is important for many applications, 
highly oriented nanowires do not alone guarantee efficient field emission. The reason is 
that the individual nanowires are so closely spaced that they shield each other from 
effective field concentration at the ends. It is therefore desirable to create the spaced 
apart configurations of nanowires 10 schematically illustrated in Figs. 1(c) and 1(d). 

While it is desirable to provide a triode structure with nanowire emitters in the 
configurations of Fig. 1(c) or 1(d), it is difficult to do so. The fabrication of triode 
structures involves complex fabrication steps to produce a complex three dimensional 
structure of cathode, dielectric spacer and gate. Such fabrication often involves 
multilayer processing of silicon structures requiring various steps of patterning, 
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lithography, and etching of silicon, silicon oxide, silicon nitride, and metal. The 
nanowires, if deposited before the fabrication steps, may not survive. 

It is also difficult to add nanowire emitters after the three dimensional triode 
structure is formed. The insertion of a single nanowire nucleating nano-island (such as 
a 5 - 50 nm diameter island of cobalt or nickel) into the cavity below the suspended 
gate aperture would be difficult. The subsequent growth of nanowires by CVD is also 
difficult not only because of the high CVD processing temperature (typically higher than 
-550 °C) which can cause undesirable chemical diffusion, thermal stress build-up, and 
structural distortion of the three dimensional structure, but also because adequate CVD 
gas may not enter into the micro-size cavity in sufficient quantity or rate. In addition, the 
growth of an isolated nanowire or small group of nanowires along the vertical direction 
is difficult because of the absence of neighboring nanowires to provide mechanical 
support. Furthermore, it is difficult to centrally position the nanowire in the cavity 
underneath the gate aperture. Accordingly there is a need for improved triodes having 
centrally located nanowire emitters and methods for making such triodes. 

SUMMARY OF THE INVENTION 

This invention provides novel methods of fabricating novel gated field emission 
structures that include aligned nanowire electron emitters (individually or in small 
groups) localized in central regions within gate apertures. It also provides novel devices 
using nanoscale emitters for microwave amplifiers, electron-beam lithography, field 
emission displays and x-ray sources. The new emission structures are particularly 
useful in the new devices. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The nature, advantages and various additional features of the invention will 
appear more fully upon consideration of the illustrative embodiments to be described in 
detail in connection with the accompanying drawings. In the drawings: 

FIG. 1(a)-(d) schematically illustrate various spacing configurations of vertically 
aligned nanowire structure. FIGS. 1(a) and 1(b) are conventional; 
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FIGS. 2 (a) - (d) show steps in a process of fabricating a field emitter structure 
having one or a small group of nanowire emitters localized in central regions within 
respective gate apertures; 

FIGS. 3 (a) - (c) illustrate various shapes of useful nanowires; 

FIG. 4 shows a field emitter structure in which a small group of several nanowire 
emitters are formed underneath the gate electrode near the center of the gate aperture; 

FIGS. 5 (a) - (c) illustrate an alternative process involving (a) depositing 
protective or dielectric layer through a shadow mask, (b) global deposition of dielectric 
layer, and (c) planarization and deposition of gate electrode structure; 

Fig. 6(a) and 6(b) show an alternative process of making a single nanowire per 
field emission cell by (a) depositing one nanoscale catalyst island per each cell by using 
shadow mask, (b) applying in-situ electric field during CVD growth process so that the 
nanowires grow vertically and toward the center of the gate aperture; 

Fig. 6(c) shows a variation of the process utilizing a focusing lens electrode for 
applying the nanowire-aligning electric field; 

Fig. 7(a) and 7(b) illustrate a method of improving the nanowire adhesion to the 
substrate; 

Fig. 8(a) - 8(c) show improving nanowire adhesion by utilizing the shape of the 
nanowire configuration; 

Fig. 9 illustrates a microwave amplifier comprising the periodically spaced-apart 
nanowires; 

Fig. 10 shows a flat panel display using periodically spaced apart nanowires as 
field emission cold cathodes; 

Fig. 1 1 schematically illustrates an E-beam lithography device using a novel two 
dimensional array of MEMS steerable nanowire electron sources; 
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Fig. 12 shows a steerable E-beam lithography device using electron beam 
focusing electrodes; 

Figs. 13(a) and 13(b) schematically illustrate (a) an E-beam lithography device 
using a two dimensional array of electrostatically steerable nanowire electron sources 
and (b) a subdivided configuration of control electrodes steering an electron beam in the 
device of Fig. 13(a); 

Fig. 14 shows a stationary electron projection beam lithography using a 
patterned mask; 

Fig. 15 schematically illustrates an E-beam lithography device using MEMS 
steerable electron sources; 

Figs. 16(a) and (b) schematically illustrate field emission displays according to 
the invention; and 

Fig. 17 shows a two-dimensional x-ray source in accordance with the invention. 

It is to be understood that these drawings are to illustrate the concepts of the 
invention and are not to scale. 

DETAILED DESCRIPTION OF THE INVENTION 

This description is divided into two parts. Part I describes methods of growing 
arrays of spaced apart individual or small groups of nanowires. Part II describes 
applications of such arrays. 

I. METHODS 

In accordance with one aspect of the invention, methods are provided for 
growing spaced apart and preferably periodically spaced apart nanowires in central 
positions for grated field emission structures. Referring to the drawings, Figs. 2(a) 
through 2(d) illustrate a substrate workpiece 20 at various steps of a preferred such 
process. 



The first step of the process is to form on a substrate 20 an array of spaced apart 
nanoscale catalyst metal islands 21 This can be done, for example, by depositing a 
thin catalyst layer on a silicon substrate and patterning the deposited layer into an array 
of nanosized islands. The catalyst layer can be cobalt, nickel, iron, tungsten or any 
other nanowire-inducing catalyst. The nano islands can be patterned into islands 1-100 
nm in diameter, preferabbly 1-30 nm in diameter, as by electron beam or focused ion 
beam lithography. Alternatively, the catalyst nano islands 21 can be directly deposited 
by depositing catalyst metal through a nano shadow mask, e.g. a mask having an array 
of 1-30 nm circular holes. 

Preferably the islands are formed or deposited at specified locations within each 
emitter cell, preferably in the center of each emitter cell, corresponding to the middle 
position of the gate aperture which is to be added later. The center of each cell is 
defined here as a location on the cathode substrate surface within 30%, and preferably 
within 20% of the diameter of the gate aperture. The nano islands are preferably 
deposited in a periodically spaced array with periodic spacing in the range 0.05 - 100 
micrometers depending on the emitter cell spacing, in such a way that there is only one 
nanowire emitter in the center of each emitter cell. Alternatively there is a small group 
of less than 10 nano islands centralized in each cell. The nano islands within each 
group can also optionally be periodically spaced among themselves. 

The next step is to coat the nano islands with a coating of protective material 
such as polymer or metal. The protective coating 22 is to ensure that the nanowire- 
nucleating catalyst islands survive during the subsequent cathode fabrication process. 
Fig. 2(a) shows a substrate 20 with a plurality of spaced apart catalyst nano islands 21, 
each within a protective coating 22. 

The third step is to form the three dimensional cathode structure in registration 
with the coated nano islands. The cathode structure is typically formed by applying a 
thin dielectric layer and a conductive gate layer. Then a dielectric pillar structure and 
gate apertures are photolithically patterned and etched to form an array of apertures in 
the gate layer in registration with the coated nano islands. Fig. 2(b) shows the dielectric 
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pillars 23 and an overlying conductive gate layer 24 forming apertures 25 above the 
coated nano islands 21. The gate layer can be a continuous metal layer such as 50 - 
200 nm thick molybdenum or tungsten on which the electron-extracting gate voltage is 
applied in common to to all the emitter cells. Alternatively, the lithographic patterning of 
the gate structure can be done in such a way that each gate applies the electron- 
extracting voltage only to its own cell. In this case, the gate voltage can be actively 
controlled to adjust the emission current from each emitter, for example, by using a 
feedback circuit, so that the emission current from all the cells are equalized and the 
electron beam intensity is made uniform. Such beam uniformity is especially useful for 
broad e-beam applications such as e-beam projection lithography. The maximum 
variation in the feedback-controlled e-beam source is advantageously less than 20%, 
deviation from the average e-beam intensity and preferably less than 10%. 

The next step, illustrated in Fig. 2(c), is to remove the protective coating 22, 
uncovering nano islands 21. The protective coating is advantageously chosen to be 
removable by dissolving in solvent, acid or base solutions or by plasma etching. 

The fifth step is to grow the nanowires from each nano island catalyst position. 
Advantageously the growth is effected by the chemical vapor deposition (CVD) process. 
The vertical alignment of the nanowire during growth can be enhanced by an electrical 
field globally applied along the vertical direction (perpendicular to the substrate) or by an 
intrinsically present electric field, as is used in microwave plasma CVD growth (see 
Bower et al.). Fig. 2(d) shows the gate structure with individual nanowires 26 vertically 
grown from nano islands near the center of the gated emission apertures 25. 
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The term "nanowire" as used herein refers to "an elongated structure with either 
a uniform or a gradient diameter and the aspect ratio (length-to-averaged diameter) of 
at least 5, preferably at least 20. The averaged diameter of a nanowire is less than 1 
micrometer and preferably less than 200 nm. 

As illustrated in Figs. 3(a), 3(b) and 3(c), the nanowires structures prepared by 
the method of Fig. 2 can be nanotubes, nanorods or nanoribbons. Nanowire emitters 
can be carbon-based, metal-based, or ceramic-based. They can have different 
geometries such as a cylinder 30, a pointed cylinder 31 or a pointed needle 33. 

Very small diameter nanowires are in general less stiff and fragile, and hence are 
more susceptible to bending in the presence of local growth stresses, thermal stresses, 
and their gradients. This is less preferable for emitters as the nanowire emitter tips will 
then be off-the-center with respect to the gate aperture, and the electron emission 
direction can deviate from the desired vertical direction. Since the emitter tip sharpness 
is more important for field concentration than the average diameter of the nanowire, an 
improved field emitter geometry is based on larger diameter base with a gradually 
tapering and decreasing diameter toward the emitter tip, as illustrated in Fig. 3. In such 
uniformly or non-uniformly tapered emitter geometry, the desired larger-diameter base 
is at least 100 nm, and preferably at least 500 nm. The tip radius of curvature is 
advantageously smaller than 1/10 and preferably smaller than 1/50 of the base 
diameter. Such a tapered structure can be obtained, for example, by time-dependent 
control of the CVD gas supply rate and growth conditions. 

While a single emitter per cell is ideal, sometimes there is a need for back-up 
emitter nanowires in each cell in case one or more emitters fail. Fig. 4 shows such a 
structure having a group 40 of plural emitters 41 in each cell 42. The desirable number 
of emitters per cell is preferably 10 or less, even more preferably 3 or less, and they are 
preferably localized near the center of the cell 42 by location of the nano islands in the 
process of Fig. 2. 

Figs. 5 (a) - (c) illustrate an alternative process of fabricating a single emitter (or 
small group of emitters) per cell structure. An array of spaced-apart nanowires 50 are 
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grown first on the substrate, then they are coated with protective layer 51 as by 
sputtering or vacuum evaporation of a dielectric layer 51 through a shadow mask 52 
(Fig. 5(a)). To ensure the coating of the side of the nanowires, the shadow mask can 
optionally be moved slightly sideways and the deposition angle slightly tilted. The 
substrate may also be rotated during deposition so as to facilitate a uniform coating 
around the nanowire diameter. A global deposition of dielectric layer 53 is then carried 
out (Fig. 5(b)), and then the layer 53 is polished or planarized to expose emitter tips 
followed by formation of patterned gate electrodes 54 over the dielectric layer (Fig. 
5(c)). An array of gate apertures is formed in registration with the array of exposed 
emitter tips. 

Another method of fabricating a single nanowire (or a few nanowires) per field 
emission cell is illustrated in Figs. 6(a), 6(b). Here the catalyst islands 60 are deposited 
into the already prepared cell apertures 61 by using a shadow mask 62 as illustrated in 
Fig. 6(a). As described earlier, the vertical alignment of nanowire during CVD growth 
can be enhanced by globally applied DC or RF electric field or intrinsically present 
electric field, for example, in the case of microwave plasma CVD environment. An 
alternative way of applying the aligning field is to utilize the existing gate structure. In 
order to grow aligned nanowires desirably pointing toward the center of the gate 
aperture, an in-situ electric field is applied between the gate 63 and the substrate 
cathode 20 during CVD growth of nanowires 65, Fig. 6(b). 

Because of the proximity of the gate to the growing nanowire tip, a relatively low 
voltage can be applied to provide a very large, local, aligning electric field and thus 
induce efficient vertical nanotube growth. At the early stage of nanotube nucleation and 
growth when the nanotube tip is well away from the aperture edge, an opposite polarity 
field may be applied to attract the nanotube to grow vertically. As the nanotube grows 
taller and approaches the gate, the nanotube position in the middle becomes unstable 
and it will tend to get attracted and undesirably bend toward the edge of the aperture. 
The applied field is then either turned off or the polarity of the gate is switched to the 
same as that for the cathode (nanotube tip) so that the nanotube tip is repelled from the 
aperture edge and forced toward the center of the aperture hole. 
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Fig. 6(c) shows a variation of the process in which a focusing lens electrode 66 
distal to the gate electrode 63 applies the nanowire-aligning electric field. 

The adhesion of nanotubes onto substrate such as silicon is generally not 
particularly strong. Even in the preferred case of "base-growth" where the catalyst 
metal particles react with silicon substrate and form bonding/anchoring connections via 
silicide formation, it has been observed that some nanotubes can be plucked out in the 
presence of applied electric field during cold cathode operation. The pulled out 
nanowires can cause electrical shorts between the cathode and the gate electrodes. It 
is therefore desirable to ensure that the nanotube remains in position by strong 
adhesion to the substrate. One approach to enhance the adhesion of nanotubes is to 
provide a long post-growth heat treatment (e.g., ~900°C/24h). The treatment enhances 
adhesion. It is believed to cause silicon carbide bonding formation at the interface 
between carbon nanotubes and a silicon substrate. 

Another approach, illustrated in Figs. 7(a), 7(b), 7(c) is to deposit a relatively thick 
conducting metal layer 70 between nanowires 71 vertically aligned on a substrate. The 
metal may be sputter deposited over the nanowires 71 so that the bottom part of the 
nanowire length is buried in the deposited metal layer. For example, a 300 nm Mo film 
can be deposited to adhere 2 micrometer long nanotubes. 

As illustrated in Figs. 8(a), 8(b) and 8(c), adhesion can be further enhanced by 
the shape of the nanowires. Zig-zag nanowires 82 and random nanowires 83 will be 
more firmly secured by an adhesive layer 70 than will straight nanowires 71. 

The spaced-apart and aligned nanowires according to the invention can be 
periodically placed (such as in a square or hexagonal arrangement) or can be randomly 
arranged depending on the pattern shape in a shadow mask. In general, a periodic 
arrangement is preferred for simplicity and predictability. The desired space between 
neighboring, vertically aligned nanowires in a Fig. 1(c) configuration is such that the 
ratio of nanowire spacing to the nanowire height is at least 0.2, preferably at least 0.5, 
even more preferably at least 1.0. The desired nanowire or nanotube averaged 
diameter is typically in the range of 1 - 500 nm, preferably in the range of 1-50 nm. In 
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the case of tapered nanowires, a much larger base diameter is acceptable. The desired 
nanowire height is in the range of 0.1-200 microns, preferably 0.5 - 50 microns, with an 
aspect ratio (length-to-diameter ratio) typically in the range of 10 - 10000. The 
nanowires incorporated in this invention can be carbon nanotubes or other types of 
nano-scale fibers such formed from metals, alloys, or semiconductors such as Si or Ge, 
or from ceramics such as carbides, nitrides, borides, or oxides. The nanowires can be 
composite nanowires coated, for example, with another material having a lower work 
function or more robust surface characteristics in the field emission environment. 
Electrically insulating nanowires may be coated with conductive materials such as thin 
layers of metal. 

II. APPLICATIONS 

In another aspect of the invention, the centered arrays of periodic and spaced- 
apart aligned nanowires may advantageously be utilized for various device or 
processing tool applications. For example, such desirably configured nanowires with 
significantly enhanced field concentrating capability can be utilized as an improved field 
emission cathode for a microwave amplifier device or for field emission flat-panel 
displays. Such nanowire arrays can also be useful as powerful electron sources for 
electron beam lithography or for electron projection lithography, especially if they are 
also structured to steer the electron beam. The centered arrays can also be used as 
high-resolution displays based on steerable electron sources and as high-resolution x- 
ray source arrays. 

These devices and applications will now be described in greater detail. 

A. Microwave Amplifiers 

Carbon nanotubes are attractive as field emitters because their unique high 
aspect ratio (>1,000), one-dimensional structure and their small tip radii of curvature 
(-10 nm) tend to effectively concentrate the electric field. In addition, the perfect atomic 
arrangement in a nanotube structure imparts superior mechanical strength and 
chemical stability, both of which make nanotube field emitters robust and stable, 
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especially for high current applications such as microwave amplifier tubes. Microwave 
vacuum tube devices, such as power amplifiers, are essential components of many 
modern microwave systems including telecommunications, radar, electronic warfare 
and navigation systems. While semiconductor microwave amplifiers are available, they 
generally lack the power capabilities required by most microwave systems. Microwave 
vacuum tube amplifiers, in contrast, can provide higher microwave power by orders of 
magnitude. The higher power levels of vacuum tube devices are the result of the fact 
that electron can travel orders of magnitude faster in a vacuum with much less energy 
losses than they can travel in a solid semiconductor material. The higher speed of 
electrons permits the use of the larger structure with the same transit time. A larger 
structure, in turn, permits a greater power output, often required for efficient operations. 

Microwave tube devices typically operate by introducing a beam of electrons into 
a region where it will interact with an input signal and deriving an output signal from the 
thus-modulated beam. See A. W. Scott, Understanding Microwaves , Ch 12, page 282, 
John Wiley and Sons, Inc., 1993, and A. S. Gilmour, Jr., Microwave Tubes , Artech 
House, Norwood, MA, 1986. Microwave tube devices include gridded tubes, klystrons, 
traveling wave tubes or crossed-field amplifiers and gyrotrons. All of these require a 
source of emitted electrons. 

Traditional thermionic emission cathode, e.g., tungsten cathodes, may be coated 
with barium or barium oxide, or mixed with thorium oxide, are heated to a temperature 
around 1000°C to produce a sufficient thermionic electron emission current on the order 
of amperes per square centimeter. The necessity of heating thermionic cathodes to 
such high temperatures causes a number of problems: it limits their lifetime, introduces 
warm-up delays and requires bulky auxilliary equipment. Limited lifetime is a 
consequence of the high operating temperature that causes key constituents of the 
cathode, such as barium or barium oxide, to evaporate from the hot surface. When the 
barium is depleted, the cathode (and hence the tube) can no longer function. Many 
thermionic vacuum tubes, for example, have operating lives of less than a year. The 
second disadvantage is the delay in emission from the thermionic cathodes due to the 
time required for temperature ramp-up. Delays up to 4 minutes have been experienced, 
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even after the cathode reaches its desired temperature. This length of delays is 
unacceptable in fast-warm-up applications such as some military sensing and 
commanding devices. The third disadvantage is that the high temperature operation 
requires a peripheral cooling system such as a fan, increasing the overall size of the 
device or the system in which it is deployed. The fourth disadvantage is that the high 
temperature environment near the grid electrode is such that the thermally induced 
geometrical/dimensional instability (e.g., due to the thermal expansion mismatch or 
structural sagging and resultant cathode-grid gap change) does not allow a convenient 
and direct modulation of signals by the grid voltage alterations. These problems can be 
resolved or minimized if a reliable cold cathode can be incorporated. Accordingly, there 
is a need for an improved cold-cathode based electron source for microwave tube 
devices which does not require high temperature heating. Such cold cathode type 
microwave amplifier device was disclosed by Goren , et al. in US Patent No. 6,297,592 
issued on October 2, 2001, and entitled "Microwave vacuum tube device employing 
grid-modulated cold cathode source having nanotube emitters". Sources using these 
carbon nanotubes provide electrons for microwave vacuum tubes at low voltage, low 
operating temperature and with fast-turn-on characteristics. 

Fig. 9 is a schematic cross-sectional illustration of an exemplary inventive 
microwave vacuum tube 90 comprising spaced-apart nanowire cold cathode, which is 
basically of "klystrode" type. The klystrode structure is of gridded tube type (other 
types of gridded tubes include triodes and tetrodes). The inventive device contains 5 
main elements-a cathode 91 , a grid 92, an anode 93, a tail pipe 94, and a collector 95. 
The whole tube is optionally placed in a uniform magnetic field for beam control. In 
operation, a RF voltage is applied between the cathode 91 and grid 92 by one of 
several possible circuit arrangements. For example, it is possible for the cathode to be 
capacitively coupled to the grid or inductively coupled with a coupling loop into an RF 
cavity containing the grid structure. The cathode 91 contains on its surface facing the 
anode a multiplicity of nanowire or nanotube emitters, one or a few of them confined in 
each cell with a vertically aligned configuration. (The gates are not shown in the 
drawing.) The grid 92 regulates the potential profile in the region adjacent the cathode, 
and is thereby able to control the emission from the cathode. The resulting density- 
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modulated (bunched) electron beam 96 is accelerated toward the apertured anode 93 at 
a high potential. The beam 96 passes by a gap 97, called the output gap, in the 
resonant RF cavity and induces an oscillating voltage and current in the cavity. RF 
power is coupled from the cavity by an appropriate technique, such as inserting a 
coupling loop into the RF field within the cavity. Finally, most of the beam passes 
through the tail pipe 94 into the collector 95. By depressing the potential of the collector 
95, some of the dc beam power can be recovered to enhance the efficiency of the 
device. 

This klystrode structure is very efficient because it combines the advantages of 
the resonant circuit technologies of the high frequency, velocity-modulated microwave 
tubes (such as klystrons, traveling wave tubes and crossed-field tubes) and those of the 
grid-modulation technologies of triodes and tetrodes, together with the unique, cold 
cathode operation using high-current emission capabilities of nanowire field emitters. 
The inventive cold cathode allows the grid to be positioned very close to the cathode, 
for direct modulation of the electron beam signals with substantially reduced transit 
time. 

Since efficient electron emission is typically achieved by the presence of a gate 
electrode in close proximity to the cathode (placed about 1-100 jam distance away), it is 
desirable to have a fine-scale, micron-sized gate structure with as many gate apertures 
as possible for maximum emission efficiency and to minimize the heating effect caused 
by electrons intercepted by the gate grids. The grid in the inventive, cold cathode type, 
vacuum tube device is made of conductive metals, and has a perforated, mesh-screen 
or apertured structure so as to draw the emitted electrons yet let the electrons pass 
through through the apertures and move on to the anode. The apertured grid structure 
can be prepared by photolithographic or other known patterning technique, as is 
commercially available. The desired average size of the aperture is in the range of 0.5- 
500 urn, preferably 1-100 \xm t even more preferably 1-20 jam. The grid structure in the 
present invention can also be in the form of a fine wire mesh screen, typically with a 
wire diameter of 5-50 |im and wire-to-wire spacing (or aperture size) of 10-500 |im. 
The aperture shape can be either circular, square or irregular. 
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Within each aperture area, a multiplicity of optimally spaced-apart nanotube 
emitters attached on the cathode surface emit electrons when a field is applied between 
the cathode and the grid. A more positive voltage is applied to the anode in order to 
accelerate and impart a relatively high energy to the emitted electrons. The grid is a 
conductive element placed between the electron emitting cathode and the anode. It is 
separated from the cathode but is kept sufficiently close in order to induce the emission. 

The grid can be separated from the cathode either in a suspended configuration 
or with an electrically insulating spacer layer such as aluminum oxide. The 
dimensional stability of the grid, especially the gap distance between the cathode and 
the grid, is important, for example, in the case of unavoidable temperature rise caused 
by electron bombardment on the grid and resultant change in dimension and sometimes 
geometrical distortion. It is desirable that the grid be made with a mechanically strong, 
high melting point, low thermal expansion metal such as a refractory or transition metal. 
The use of mechanical strong and creep-resistant ceramic materials such as highly 
conductive oxides, nitrides, carbides, etc. is also possible. The grid is desirably 
configured to have as much mechanical rigidity as possible. 

B. Field Emission Displays 

The spaced-apart, aligned and centrally located nanowire emitters can also be 
utilized to make unique, flat-panel, field emission displays. Here, the term "flat-panel 
displays" refers to displays with a thickness of less than -10 cm. Field emission 
displays can be constructed with either a diode design (i.e., cathode-anode 
configuration) or a triode design (i.e., cathode-grid-anode configuration). The use of 
grid electrode is preferred as the field emission becomes more efficient. 
Advantageously this electrode is a high density aperture gate structure place in 
proximity to the spaced-apart nanowire emitter cathode to excite emission. Such a high 
density gate aperture structure can be obtained e.g., by lithographic patterning. 

For display applications, emitter material (the cold cathode) in each pixel of the 
display desirably consists of multiple emitters for the purpose, among others, of 
averaging out the emission characteristics and ensuring uniformity in display quality. 
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Because of the nanoscopic nature of the nanowires such as carbon nanotubes, the 
emitter provides many emitting points, but because of field concentration desired, the 
density of nanotubes in the inventive device is restricted to less than 100/(micrometer) 2 . 
Since efficient electron emission at low applied voltage is typically achieved by the 
presence of accelerating gate electrode in close proximity (typically about 1 micrometer 
distance), it is useful to have multiple gate aperture over a given emitter area to 
maximally utilize the capability of multiple emitters. It is also desirable to have fine- 
scale, micron-sized structure with as many gate apertures as possible for maximum 
emission efficiency. 

Referring to the drawings, Fig. 10 shows a field emission display 100 comprising 
a substrate 101 which also serves as the conductive cathode, a plurality of spaced- 
apart and aligned nanotube emitters 102 attached on the conductive substrate, and an 
anode 103 disposed in spaced relation from the emitters within a vacuum seal. The 
transparent anode conductor formed on a transparent insulating substrate 104 (such as 
a glass) is provided with a phosphor layer 105 and mounted on support pillars (not 
shown). Between the cathode and the anode and closely spaced from the emitters is a 
perforated conductive gate layer 106. Conveniently, the gate 106 is spaced from the 
cathode 101 by a thin insulating layer 108. 

The space between the anode and the emitter is sealed and evacuated, and 
voltage is applied by power supply 109. The field-emitted electrons from nanotube 
emitters 102 are accelerated by the gate electrode 106, and move toward the anode 
conductive layer 103 (typically transparent conductor such as indium-tin-oxide) coated 
on the anode substrate 104. Phosphor layer 105 is disposed between the electron 
emitters and the anode. As the accelerated electrons hit the phosphor, a display image 
is generated. In the improved flat panel field emission display structure, each aperture 
includes a centralized small group of nanowire emitters or a single centralized nanowire 
emitter. 

Electron Source Array for Nano Lithographic Fabrication 
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Nano fabrication technologies are crucial for construction of new nano devices 
and systems as well as for manufacturing of next generation, higher-density 
semiconductor devies. Conventional e-beam lithography for patterning e-beam resist 
layers with its single-line writing characteristics is inherently slow and costly. Projection 
e-beam lithography technology, which is sometimes called as SCALPEL, uses a 
patterned e-beam mask to produce an e-beam exposed region, as is disclosed in US 
patents No. 5701014 and 5079112 by Berger, et al M and No.5532496 by Gaston. The 
projection e-beam lithography, can be much faster because of an aerial coverage (e.g., 
each exposure covering -1 cm 2 ) as compared to single line writing. The inventive 
gated field emission structures with centralized nanowires can be useful for lower cost, 
higher throughput e-beam nano fabrication. 

Fig. 11 schematically illustrates an exemplary e-beam lithography apparatus 110 
comprising an array of micro electro mechanical system cells (MEMS cells) 1 1 1 within a 
frame 112. Each MEMS cell 111 contains a movable and scannable component 113 
with a single electron field emitter 114 for emitting an electron beam 115. Electron 
extracting gates (not shown) may optionally be added. The object to be lithographed, 
such as a thin coating 116 of resist material, is, after exposure to the e-beam, 
chemically etched to develop a nanoscale patterned structure. An exemplary useful 
resist material is PMMA (polymethylmethacrylate). Alternatively, instead of using the 
resist material, the scanning e-beams may be allowed to directly bombard a thin metal 
or ceramic film so that melting and ablation of the material generates a trench or a hole 
patterned structure. 

The movable disk 113 can be of any shape ( e.g. , circular, square, or triangular). 
The tilting of movable disk 113 in each cell, and hence the trajectory of field emitted 
electrons from the nano emitter 114 attached on the movable disk, is controlled to any 
desired angle by applying a varying intensity of electric fields to electrodes 117 located 
adjacent the disk. Such a technology for tilting MEMS movable components has been 
established in recent years. See US Patent No. 6,201,631 by Greywall (March 13, 
2001), No. 6,028,689 by Michalicek et al. (Feb. 22, 2000), and No. 5,629,790 by 
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Neukermans et al. (March 13, 1997), all three of which are incorporated herein by 
reference. 

The preferred electron emitters 114 are carbon nanotubes. Carbon nanotubes 
are powerful electron field emitters (See Zhu, et al, "Large Current Density from Carbon 
Nanotube field Emitters", Applied Physics Letters , Vol.75, No. 6, p. 873, August 1999). 
The electrons emitted from the tips of carbon nanotubes are utilized, according to this 
invention, for the two-dimensional e-beam lithography. Since the field emission of 
electrons is most effective in vacuum where collisions with atoms or ions are minimized, 
the lithography apparatus is preferably operated at a vacuum level typically used for 
field emission display. 

The MEMS structure illustrated in Figure 11 can be fabricated by using surface 
micro-machining such as the MUMPS processing system (Multi User MEMS Processing 
System), by bulk micro-machining such as the SOI (silicon-on-insulator) process, or by 
the LIGA process (x-ray lithography and electrodeposition). Such MEMS fabrication 
processes are described in detail in the literature. See, for example: Marc Madou, 
Fundamentals of Microfabrication t CRC Press, New York 1997, and Gregory T. A. 
Kovacs, Micromachined Transducers - Source Book, McGraw Hill, New York 1998. 
The MEMS structure according to the invention can be made of a number of alternative 
materials including polysilicon, single crystal silicon, silicon carbide, diamond or metal. 

Fig. 12(a) illustrates lithographic apparatus 120 using gated emitters. A gate 121 
and a focusing lens 122 are fabricated on each movable disk 123 using dielectric 
spacers 124. An alternative structure shown in Fig. 12(b) is to attach the gate 121 to 
the support frame 125 instead of on the movable disk 123. The alternative is 
advantageous where the angle range of the intended scanning is relatively small, e.q . f 
less than -10 degrees away from the vertical center line. The layer to be patterned 126 
is shown on substrate 127. 

The e-beam can also be steered using only electronic controls, without moving 
parts. Fig. 13(a) illustrates a lithographic apparatus 130 using stationary emitter 
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supports 131 and e-beam directing electrodes 132. In this alternative embodiment, the 
gate 121 or focusing lens 122 in Fig. 12 can be used to alter the beam direction. 

The preferred field emitter 133 is a single nanotube for each cell 134. The single 
emitter is preferred to a multiplicity of nanotubes to minimize beam spread and 
perpendicular momentum. A multiple nanotube configuration, while easier to fabricate 
than the single nanotube, is likely to complicate the electron optics design because of 
the spread in energy and momentum. However multiple nanotubes could be used if 
secondary emission material were placed along the electron path to facilitate focussing. 

The desired size of each MEMS cell 134 can be determined based on the needs 
for high throughput weighed against the complexity of fabricating many small cells. If 
each of the cells in the proposed two-dimensional e-beam lithography tools is designed 
as 1 (micrometer) 2 in size, the total number of the MEMS cells would be ~10 11 . The 
time required to nano pattern the whole surface of a 12 inch wafer would then be only 
-0.01 sec. This is assuming a 10 nm e-beam writing spot size and an exposure time of 
1 microsec/spot. If a throughput slower than 0.01 sec/wafer is acceptable, the cell size 
design can be increased. If one uses a (10 micrometer) 2 cell size, which is a more 
practical and manufacturable dimension, the number of cells on a 12 inch wafer would 
then be reduced by two orders of magnitude to -10 9 . This would then take -1 second 
to complete e-beam lithography on a 12 inch wafer. Since only a portion of the 12 inch 
wafer would actually be written, the more realistic estimate of lithography time would be 
more like -0.1 second/wafer. Of course, if the cell size is increased further to - 100 
micrometer 2 , it would take -100 seconds/wafer (or more realistically, -10 
seconds/wafer). Another compromise that can be considered is to build the two- 
dimensional e-beam lithography tool in a 2 inch 2 size, and carry out the nano patterning 
stepwise on a 2 inch 2 areas. With a 10 micrometer 2 MEMS cell, this tool can pattern a 
12 inch wafer in -25 seconds. 

The inventive two-dimensional e-beam lithography apparatus can thus provide a 
high manufacturing throughput without special masks such as those used for projection 
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e-beam lithography. Unlike the projection e-beam lithography, the inventive technique 
can generate any image on the resist layer material via control of the MEMS cells. 

Fig. 13(b) illustrates a steering electrode 132 useful in the apparatus of Fig. 
13(a). By subdividing the gate or focusing lens electrode, e.g., as independently 
controllable electrode segments A, B, C, D, and applying asymmetric potentials among 
the electrode segments, the e-beam can be made to project through an aperture 140 
toward any selected direction. The electrons tend to move toward the electrode 
segment with higher applied voltage. The advantage in this approach is elimination of 
moving components and enhanced long-term reliability. 

Fig. 14 schematically illustrates an alternative embodiment using stationary 
emitter cells with centralized emitters 133 for electron projection lithography. An e- 
beam projection mask 140 selectively blocks the emitted beams in regions where the 
beams are not desired and permits their passage in regions where they are desired. In 
this case, the MEMS tilting or electrode-controlled beam steering is not required. The 
Fig. 14 e-beam projection lithography tool can be laterally moved, if desired, to pattern 
different areas of a substrate. 

Fig. 15 shows e-beam lithographic apparatus 150 wherein a multiplicity of field 
emitters 151 in the same cell 152 are controllable by the same gate grid 153 and 
steered as a group. Each of the sub-cells in the cell group 152 contains a centralized 
nanowire emitter or small group. The grid 153 desirably contains apertures 154 (either 
random or periodic) to efficiently induce emission of electrons from various nanowires 
and to allow them to accelerate toward the anode 155 (the substrate or device surface 
to be irradiated). The multiple emitter cell 152 can be coupled to a stationary frame 156 
by a flexible MEMs beam 157. The orientation of cell 152 can be controlled by the 
interaction among a plurality of MEMs electrodes 158. 

Such an apparatus 150 is convenient for applications where a broader e-beam 
rather than a single line, focused e-beam is desired, e.g., for projection e-beam 
lithography (such as SCALPEL) which requires a broad beam to be directed over a pre- 
patterned mask. For example, a group of nanotube emitter units (e.g., 10 - 10,000 
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units), each optionally having its own e-beam focusing lenses to make the e-beam more 
parallel and uniform, can provide a beam diameter of e.g., 0.1 - 10,000 micrometers. 
On steering and scanning such a group of nano emitters, the area covered by the 
electron beam can be increased by a factor of 10 - 1000 as compared to a single 
emitter. In a further embodiment of the invention, many such groups of e-beam emitter 
units, each independently steered by MEMS mechanism, can be operated to pattern an 
even wider substrate area. Care should be exercised to avoid excessive e-beam tilt 
angle with respect to the e-beam projection mask as this may cause loss of patterning 
accuracy and resolution. 

C. Ultra High Density Displays 

The centralized emitter cell structure can also be utilized for design and 
construction of ultra-high-resolution, flat panel displays. In essence, a phosphor screen 
assembly and a transparent window are added in front of the electron beam. 

Referring to the drawing, Fig. 16(a) schematically illustrates an ultra-high- 
resolution, flat panel display 160A, optionally comprising an array of MEMS cells 161 
within a frame 162. Each cell 161 contains a movable and scannable component 163 
with one or several nanoscale electron field emitters 164. A phosphor screen assembly 
165 with red-green-blue colors and a transparent glass window 166 are added in front 
of the electron beam. Phosphor screen technology is well known. (For example see J. 
A. Castellano, Handbook of Display Technology , Academic Press, New York, 1992.) 

The diameter of an e-beam arriving at the phosphor screen in the inventive 
display device will be of the order of 10 - 1000 nm depending on the distance and 
focusing mechanisms used. Thus a sharp, high-density-pixel display image can be 
obtained with a resolution of better than 3 micrometers, preferably better than I 
micrometer, even more preferably better than 100 nm. For color displays, the 
phosphor screen assembly can contain a distribution of high resolution triads of red- 
green-blue dots or stripes, with the resolution of phosphor dots preset corresponding to 
the desired display resolution. For high resolution displays the desired dimension of the 
phosphor spots is typically less than 30 micrometers, preferably less than 10 
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micrometers, even more preferably less than 3 micrometers. The MEMS based 
steerable electron beam is programmed and operated to strike the phosphor dots 
corresponding to the desired color at the desired location. The neighboring MEMS- 
steered e-beams may be programmed to have slightly overlapping coverage in order to 
ensure smooth transition of image near the boundary regions. 

The preferred electron emitters are carbon nanotubes. Carbon nanotubes are 
known to be powerful electron field emitters (see Zhu, et al, "Large Current Density from 
Carbon Nanotube field Emitters", Applied Physics Letters , Vol.75, No. 6, p. 873, August 
1999). The electrons emitted from the tips of carbon nanotubes are utilized in the two- 
dimensional, steerable e-beam sources. Since the field emission of electrons is most 
effective in vacuum where collisions with atoms or ions are minimized, the device is 
preferably operated at a vacuum level typically used for field emission display. 

The preferred directional control elements are MEMS cells 161. The display 
comprises an array of MEMS cells 161, and each of the MEMS cells 161 contains a 
movable disk component 163 of any shape (circular, square, triangular, etc.). The tilting 
of the movable disk 163 in each cell and hence the trajectory of field emitted electrons 
from the nano emitter 164 attached on the movable disk is controlled to any desired 
angle by applying a varying intensity of electric fields to electrodes 167 located adjacent 
the disk. Such a tilting technology for MEMS movable components has been 
established in recent years. See US Patent No. 6201631 by Greywall (March 13, 
2001), No. 6028689 by Michalicek et al. (Feb. 22, 2000), and No. 5629790 by 
Neukermans et al. (March 13, 1997), each of which is incorporated herein by reference. 

The MEMS structure illustrated in Figure 16(a) can be fabricated by using 
surface micro-machining such as MUMPS (Multi User MEMS Processing System) 
process, by bulk micro-machining such as the SOI (silicon-on-insulator) process, or by 
the LIGA process (x-ray lithography and electrodeposition). Such MEMS fabrication 
processes are described in detail in the literature. See, for example, Marc Madou, 
Fundamentals of Microfabrication , CRC Press, New York 1997, and Gregory T.A. 
Kovacs, Micromachined Transducers - Source Book , McGraw Hill, New York 1998. 
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The MEMS structure can be made of a number of alternative materials including 
polysilicon, single crystal silicon, silicon carbide, diamond or metal. 

On each movable disk 163, is disposed a single nanoscale electron field emitter 
164 or a group of several emitters (if a somewhat broader electron beam is desired) 
The emitter is vertically oriented as a source of a vertically scanning e-beam. The field 
emitter 164 is preferably a carbon nanotube, but the use of other types of nanowires, 
sharp tips such as patterned silicon tips, or emitters of negative electron affinity material 
such as CVD diamond is not excluded. Carbon nanotubes grown on silicon pyramid 
tips may also be used. See U.S. Patent No. 6,401,526 issued to Dai et a/, on June 11, 
2002 which is incorporated herein by reference. To maintain high resolution with a 
minimal waste of space on the device surface, the nano emitter can be grown directly 
on the surface of the disk 163, for example, by utilizing nano-patterned nucleation (or 
catalyst) sites. Even a single nanotube is capable of providing a very large emission 
current density of as high as ~1 0 8 A/cm 2 . 

Fig. 16(b) illustrates an alternative display device 160B wherein the emitted 
beams are controlled by steering electrodes 168. Here the MEMs base 163 does not 
move. By subdividing the gate or focusing lens electrode, e.g., as independently 
controllable electrode segments (See Fig. 14) and applying asymmetric potentials 
among the electrode segments, each e-beam 167 can be made to project through an 
aperture 169 toward any selected direction. The electrons tend to move toward the 
electrode segment with higher applied voltage. The advantage in this approach is 
elimination of moving components and enhanced long-term reliability. 

As a field emitter 164, the use of a single nanowire for each cell 161 is preferred 
to a multiplicity of nanowires for a very sharp, ultrahigh resolution display with a pixel 
resolution of less than -100 nm. With a single nanowire the beam spread and 
perpendicular momentum is minimized. However, if a lesser ultrahigh resolution of -1 - 
5 micrometer is acceptable (as is sufficient for high resolution head-mountable or 
camera viewfinder displays), the e-beam size can be broader, and the nano emitter 
does not have to be a single nanoscale emitter. Several nanowires/nanotubes can be 
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placed as a group preferably centered in each cell. If it is desired to improve the 
focusing of e-beams from multiple nanotube sources, secondary electrons may be 
utilized to lower the electron energy of the beam. For example the field emitted 
electrons can be reflected off a wall of material with a high secondary electron emission 
coeffecient (such as diamond). 

The desired size of each MEMS cell can be determined based on the needs for 
high display resolution against the complexity of fabricating many small cells. The 
desired cell dimension is typically 200 micrometers or less, preferably less than 50 
micrometers, and even more preferably less than 10 micrometers wide. The desired 
display pixel resolution is advantageously less than 10 micrometers, preferably less 
than 5 micrometers, even more preferably less than 2 micrometers. 

The inventive, high resolution displays 160A, 160B can be useful for a number of 
applications such as a viewfinder of a camera or a head-mounted display as for a 
wearable computer. Such displays can be used for virtual reality traveling, remotely 
guided mechanical repair, or even surgery using telecommunication guidance. 

D. Two Dimensional X-Rav Source 

The inventive two-dimensional e-beam source array comprising spaced-apart 
and centralized nanowire emitters can also be utilized as a high-resolution, 
programmable, two-dimensional x-ray source by incorporating x-ray generating metal 
film components in front of the emitted electrons. The source can be used for x-ray 
lithography or as a portable, flat-panel, x-ray source for on-site imaging, as by 
ambulance personnel or battle field medical personnel. Such an x-ray source can 
optionally incorporate MEMS-based e-beam steering capability. Such an embodiment 
is illustrated schematically in Figure 17 (gates not shown). The x-ray source 170 
comprises a flat panel MEMs E-beam source 171 directed toward an x-ray generating 
metal film 172 in front of the emitted electrons. The electron bombardment of the metal 
from each nanotube emitter 164 generates an x-ray beam 173 with characteristic 
wavelength. 
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It is understood that the above-described embodiments are illustrative of only a 
few of the many possible specific embodiments which can represent applications of the 
invention. Numerous and varied other arrangements can be made by those skilled in 
the art without departing from the spirit and scope of the invention. 
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